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. INTRODUCTION

Considerable interest has developed in recent years in the
tantalum~-carbon system. Thils interest stems primaerily from the melt-
ing temperatures reported for the compound TaC. This carbide melts
as high as 3800° to 3900° ¢ (refs. 1 to 3) and is, therefore, one of
the highest melting materisls known.

Ellinger (ref. 4) published the results of his work on the Ta~C
system in 1943, His phase dlagram showed two carbldes, TasC, & hexa-
gonal structure, and TaC, a Nall structure. After carburizing a Ta
rod, Ellinger observed a microstructure showing a very definite car-
bon gradient With'concentric bands, each containing two phases, in
which the second (minor) phase alwsys existed as apparently straight
platelets. Rhines, in the discussion to Ellinger's paper, correctly
pointed out that these two-phase regions in binery diffusion couples
were simply the result of precipitation occurring on cooling as a
result of solubility limits decreasing with temperature.

Since Ellinger®s paper, details of the phase diagram have been
refined, but the basic qualitative equilibrium relationships are U
changed. An accepted diagram compiled from the results of many in-

vestigations is shown in figure 1 (ref. 5). More recently, studies
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in the Ta~C system (refs. 6 to 9) have observed microstructures simi-
lar to those of Ellinger, but, in many cases, the possibility of these
structures being the result of precipitation seems to have been
ignored. The characteristic straight platelet structures have been

" Y"striated structure,” and “structure

variously described as "twins,
of unknown origin.”

It is the purpose of this paper to show these structures to De
the result of precipitation processes and to account for their char-
acteristic appearance by a precipitation model based on the geometries

of the crystal structures involved.

EXPERTMENTAY: PROCEDURE

The Ta~C compositions for this study were made by carburizing
0.010=in. high~purity Ta wires in a purified hydrocarbon gas {(toluene
or propane). The Ta wire was heated by its own electrical resistance,
and the overall carbon content of the resuliting structure was con- ;
trolled by hydrocarbon gas pressure, A detalled account of this
method is given in reference 9. The structures studied were produced
by heating for 6 hr at 1800° C followed by rapid cooling unless other-
wise specified., Carburized filaments were homogeneous in cross sec-=
tion only if their carbon content placed them well into a single-
phase field. TFilaments whose overall carbon contents were near the
solubility limits of single phases or within a two-phase fileld were
heterogeneous with strongly developed smnular structures, i.e., con-
centric rings. The carbon content reported for any one filament ex-

hibiting an annular structure is an overall composition, and it should
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be remembered that the case will be of higher carbon content while
the core will be lower than the average carbon concentration. The
average carbon concentrations were determined by a combustion method
and refer to total carbon. The small quantity of sample precluded
relisble free~carbon analysis. It is belleved, however, that the
amount of free carbon is negligible, since no evidence of free car-
bon was found in the metallographic examinations or the X-ray pat-
terns.

Phase identification was accomplished by standard X-ray dif-
fraction techniques. Diffraction patterns were obtained from as-
reacted filament surfaces, powdered filaments, and remaining duc-
tile (unpowdersble) cores when these were present. In this manmer,
phase identificetion by diffraction was correlated to microstructure.

Metallographic sections of the filaments were prepared by stan-
dard mounting and polishing techniques. After investigating several
etches, one consisting of 3/1 HNOz/HF was found to give the most
consistent results. This etch was used for all samples of this
study.

Microhardness measurements were made with a 135° diamond pyramid
and a 50 g load. This load was determined as the best %o give good
readings over the wide range of hardnesses from TaC to soft Ta.

MODEL

Before examining the actusl structures obtalned, let us consider
a8 model of precipitation based upon the crystallographic structures

involved. Consider the precipitation of B from v as the solu-
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bility limit for Ta 1s exceeded during cooling. The matrix v is a
NaCl structure with a lattice parameter at the solubility limit of
4,4104 A(ref. 10). The arrangement of & unit cell of this structure
is shown in figure 2 (not tsking into account vecant carbon sites).
Any {111} plane of this structure may be considered to consist entirely
of C or Ta atoms in a hexagonal arrangement with a spascing of 3.12 A
between nearest neighbors.

The B phase, which must precipitate from 7, has a hexagonsl
structure and must bhe sebmweted in C. The lattice parameters for this
B are &y = 3.104 A and c, = 4.942 A, and a unit cell is shown in
figure 3. The basal plane of this structure consists of a hexagonal
arrangement of Ta (or C) atoms with & nearest-neighbor spacing of
3.104 A,

Comparing the {111} plane of T and the besal plene of P shows
that both have identical geometries with & linear mis-match of only
about 0.5% thus a very favorsble situstion exists for B to pre-
cipitate on {111} plenes of T on cooling. The same geometrical
situation exists iIf 1 precipitates from B. The same compositions
and therefore lattice parameters must be considered, and it is there~
fore seen that vt precipltation on the basal plane of B is also
highly probable.

Precipitation reactions with such lattice relationships have
been observed in metal systems. For exemple, hexagonal AgAl, pre~
cipitates from Ag saturated face~centered cuble Al solid solution so

thet the {0001} plane of AgAls is parallel to the {111} plane of the
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Al solution (ref. 11). An exemple of a cubic precipitate from & hexa-

gonal matrix is found in the Mg-Sn system (ref. 12). In this case
the simple cubic (CaFs structure) MgoSn precipitates with its {111)
plane parsllel to the {0001} plane of the Mg solid~solution matrix.
Although the habit plane and direction in the MgoSn precipltate can
be varied by heat treatment, the precipitate is always rejected from
solution on the basal plane of the matrix.

In the case of TaC-TapC precipitation, 1t is not assumed here
that there is necessarily a coherency between matrix and precipitate
but only that the plane of the matrix on which precipitation occurs
is the close-packed plane (i.e., {111} for ‘the cubic TaC matrix and
{0001} for the hexagonal TasC matrix). The high degree of matching
between these planes does suggest, however, that coherent precipita-
tion 1s a very distinct possibility.

If the close-packed planes are the precipitation planes as as-
sumed here, then the precipitation of either carbide from the other
should result in a Widmenst@tten structure -~ there should be charac-
teristic differences, however, depending on which carbide is the
matrix. In the precipitation of B from 7, the {111]} plane of 7t
actually provides four potential precipitation planes, since in the
cublc geometry there are four {111} plenes. Therefore in a single
grain of 7y, platelets of B precipitate might be expected in up to
four directions. Conversely, when y precipitates from B, the
singular basal plane of the hexsgonal symmetry provides but one pre-
cipitation plene. Hence, in & single grain of B the platelets of

T precipitate should be found in only one direction.
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EXPERIMENTAL RESULTS

Numerous mierostructures in the Ta~C system were examined. Repre-

sentative structures will be discussed here proceeding from high car-

bon compositions to iéw carbon.
TaCo. g8
Figure 4 shows the structure corresponding to a composition of
TaCp,gg well within the ¥ single-phase field. The structure shows

a single~-phase material and is representative of all compositions be-
tween TaCq ;4 and TaCn gg. X-ray analysis of such a structure gives
onlyr the Moft noticrn, Gud Vi Lacrduess 0l this particular composition
is DPFH 2700.

TaCy, 54

The structure obtained at a composition of TaCy g4 is shown in
figure 5. The characteristic annular structure is apparent. X~ray
analysis of this material shows the presence of both y and Bl.
Such a tworphase structure 1s characteristic of compositions between
TaCO.SZ and TaCo'74. Slow cooling of semples within this composi-
tion range gave identical structures, thus ruling out the possibility
of these structures being the result of metastable transformations.
Within this range as lower carbon concentrations are approached, the
B phase becomes more evident in the X-ray patterns, the inner strue-
ture (core) occupies a larger portion of the cross section, and a

smell central core of single~phase B becomes evident. The hardness

1some 1ines corresponding to those reported by Lesser and Brauer

(ref. 13) as belonging to an unknown ¢ phese were observed for some com~

positions between TaCO'4 and TaCO‘6. The origin and significance of

this phase is not known at the present time.




of the two zones shown in figure 5 are DPH 1820 and DPH 1520 for the case

and core, respectively. This hardness for the core represents an lncrease
over that of single-phase £ (DPH ~ 1000), while the value for the case
seems to be essentially the same as carﬁon deficient 7y (DPH ~ 1600

(ref. 9)).

The appearance of this structure and the results of X-ray diffraction
(v and B present) give support to the proposed precipitation model.

During the carburizing treatment, a carbon deficient vy of the case was
in equilibrium with the carbon saturated p core. Upon éooling solu~
WA 1210 wese exceeded with B precipitating from y 4in the case
and v precipitating from B in the core according to the proposed lat-
tice relationship. The multidirectional platelets of B are evident in
the case, while the core exhibitsunidirectional <y platelets within any
one B grain. The increasing size of the core with decreasing earbon and
the eventusl stabilizetion of a small single~phase S core are in acecord
with the equilibrium disgram shown in figure 1 and with the proposed ex~
planation of the microstructures. Another observation iIn support of the
precipitation model is the fact that in 81l carburized samples exhibiting
both unidirectional and multidirectional structures the region containing

the multidirectional platelets is always located nearer the sample sur-

face than the unidirectional structure. Thls is in accord with the carbon
gradient that exists at the carburizing temperature; i.e., the 1 phase
from which B precipitates being of higher carbon content is located
nearer the surface than the B from which 7y precipitates; thus the Y
matrix with multidirectional B precipitate always is found nearer the

sample surface than the lower carbon p matrix containing unidirectional

T precipitate.
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The constant solubility of carbon in B as a function of temper-
sture as indicated in figure 1 must be in error, since the observed
ﬁrecipitation of v from B 1s indlcative of decreasing carbon solu—
bility in B with decreasing temperasture, Similar structures have
been found in work with the WNb-C systemy however, no such structures
were observed in the Hf-C system (ref. 7). This agaln supports the
precipitation explanation proposed here, since these observations are
obviously due to the similarity between the Ta-C and Nb~C equilibrium
relaetionships (both exhibiting a dimetal carbide), while in the Hf-C
systemn an equilibrium dimetal carbide does not exist.

The hardness values for the structures shown in figure 5 suggest
that the presence of a hard 7y precipitate in a relatively soft B8
matrix (the core) increases the hardness over that of the B matrix
(DPH = 1000), while conversely, the presence of B precipitate in
the very hard v matrix shows little effect on the hardness as com~
pared to that on the hardness of single-phase carbon deficient vy

(DPH ~ 1600, ref. 9).

Talp, 31
A typical structure resulting at low carbon concentrations is
shown in figure 6. At the conposition of TaCqy z7, figure 1 shows the
equilibrium phases to be « and BZ. X~-rey analysis of the surface
of the as~reacted sample gave only the B pattern, while analysis of

‘the core alone (after removing the brittle case) gave both B and a.

2Samples consisting of only single-phase B are difficult to
make by the carburization method owing to the limited composition

range of the phese at low temperatures.




- 9 =

The hardness of the case Is DPH 860 possibly representing a slight
decrease of hardness for carbon deficient B as compared to DPH 1000
for carbon saturated PB. This is in agreement with reference 14,
which gives hardness values of 810 and 947 for carbon deficlient and
carbon saturated B, respectively. The core has a hardness of DPH
120, this along with X-ray results and appearance suggests a random
precipitation of B In o. Structures similar to that of figure 8
were obtalned at all compositions below about TaCy 4z with the «
matrix core occupying a larger portion of the cross section as the
carbon concentration is decreased. At compositions above TaCqy 4z,
near B, the entire cross section appeared as the case in figure 6.
While X-ray analysis showed only B for such structures, the dark
apparently lameller regions appear to be & second phase and warranted
further investigation.

This lamellaer structure i1s of particular interest, since Ellinger
(ref. 4) observed similar but somewhat better developed structures in
his low carbon sample and Rhines in the discussion of Ellinger’s
paper suggested these might be the result of a low-temperature eutec-
toid decomposition of B to « plus v. With this in mind, & sam-
ple was prepared st a composition of TaCO.SG and slowly cooled from
the reaction temperature (a period of l% hr to cool to a800° C) in
order to allow full development of a eubtectold structure if it
exists. The resulting structure is shown in figure 7. A lamellar
structure in the case (which was § at the reaction temperasture)

was indeed developed; however, X-ray patterns from the surface of
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this sample showed the presence of o plus B and not « plus 7.
This then Indicates that eutectold decomposition of B does not
occur;y however, a lamellar structure was developed by this treatment
and musf be explained. Since the two phases present as indicated by
X-ray are B and a, it would appear that this structure represents

a precipitate of o in a B matrix. The difference between this
well-developed lamellar structure and that of figure 6 must be due to
a slow cooling rate which leads to a more complete precipitation and
the elimination of a nonequilibrium supersaturated solid solution that
results by quenching.

The hardness of the two-phase o plus B case is 770, while
that of the core is 120. These compare well with the hardnesses of
the rapldly cooled structure of figure 6 showing a slight decrease in
the hardness of the case due to the presence of the soft o precipitate.

The unidirectional nature of the o« precipitate in B 1is inter-
esting. Comparing the two close-packed planes of the two phases shows
the {110} plame of carbon saturated « to be a distorted hexagonal
arrangement with nearest-neighbor spacings of 2,.865end 3.305/ A and in-
cluded angles within the unit triangle to be 54.7, 54.7, and 70.6° (cal-
culated from ay of Ta = 3.305 A (ref. 13)). This compares to the
true hexagonal arrangement in the {0001} plane of Ta ssturated B in
which the nearest-neighbor spaciﬁg is 3.101 A and of course the in-
cluded angles are all 60°. This comparison yields an average mis-
mateh of about 2.7% for placing one unit triangle upon the other; this

misfit increases, however, as the precipitate grows.
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The fact that o seems to precipitate from B 1in a Widmanstdtten
structure but yet the B precipitation from o appears to be the
random (see the core of fig. 6) may be due to the increasing misfit
with size of precipitate. In the case where lamellar structure form,
the metallic bonding of the o« phase may allow it to readily distort
to accommodate the increasing misfit and thus grow as a continuous
platelet. On the other hand, the hybrid metallic-covalent bonding
of the B phase does not allow such distortion; thus as the B pre-
cipitate grows, it may loose coherency with the o matrix and result
in random precipitation.

CONCLUSIONS

As a result of this investigation, the following conclusions may
be drawn:

1. The characteristic striasted (WidmesnstHtten) structures found
in the Ta-C system at compositions between TasC and TaC are the result
of precipitation reactions in which the close~packed plane of each
phase is the plane of precipitation.

2. The maximum solubility of C in TasC must decrease with de-
creasing temperature rather than remain constant as the presently ac-
cepted phase dlagram indicates.

3. There is no evidence for a eutectoid decomposition of TasC.

4. Tantalum can precipitate from TasC giving & unidirectional
Widmanstatten structure; however, TaoC precipitation from tantelum is
random apparently because of the inability of TasC to distort and

maintain coherency with the tantalum matrix.
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Figure 2. - v (TaC) Unit Cell.
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Figure 3. - B (TaZC) Unit Cell.
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Figure 4. - Microstructure of
x300. DPH = 2700.

TaC gg; etchant, SHNOS/HF;
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Figure 5. - Microstructure of TaC _g4; etchant, SHNOB/HF;
X300. DPH case = 1620, DPH core = 1520.
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Figure 6. - Microstructure of TaC z1; etchant, SHNOS/HF;

X300.

DPH case = 860, DPH core

120.

C-65229
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Figure 7. - Microstructure of TaC_36;
slow cool - etchant, 3HNO/HF; x300.
DPH case = 770, DPH core = 120.
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